Abstract: We applied a modified version of the Miami isopycnic coordinate ocean general circulation model (MICOM) to the ocean cavity beneath the Ross Ice Shelf to investigate the circulation of ocean waters in the sub-ice shelf cavity, along with the melting and freezing regimes at the base of the ice shelf. Model passive tracers are utilized to highlight the pathways of waters entering and exiting the cavity, and output is compared with data taken in the cavity and along the ice shelf front. High Salinity Shelf Water on the western Ross Sea continental shelf flows into the cavity along the sea floor and is transformed into Ice Shelf Water upon contact with the ice shelf base. Ice Shelf Water flows out of the cavity mainly around 180º, but also further east and on the western side of McMurdo Sound, as observed. Active ventilation of the region near the ice shelf front is forced by seasonal variations in the density structure of the water column to the north, driving rapid melting. Circulation in the more isolated interior is weaker, leading to melting at deeper ice and refreezing beneath shallower ice. Net melting over the whole ice shelf base is lower than other estimates, but is likely to increase as additional forcings are added to the model.
Introduction
Numerical models are beginning to provide increasingly realistic simulations of the key processes involved in establishing Antarctica's climate, which are essential for anticipating how it might change. Among the processes that remain poorly understood, however, are the thermodynamic interactions of Southern Ocean waters with the undersides of floating ice shelves that occur along the Antarctic coastline. Here we investigate these interactions by applying a coupled ocean general circulation model and a thermodynamic ice shelf base model to the Ross Sea continental shelf, including the portion beneath the Ross Ice Shelf (RIS; Fig. 1 ). This part of the Ross Sea has received little modelling attention until recently, despite the fact that the 0.5 M km 2 RIS accounts for nearly one third of the total Antarctic ice shelf area, and is known to influence the circulation of the Ross Sea (Jacobs et al. 1979 .
Background

Regional glaciology
The Antarctic ice sheet, a repository for more than ninety percent of the earth's freshwater, flows seaward under the action of gravity, mainly in fast flowing ice streams that merge at their grounding lines into floating ice shelves. The current configuration of the ice sheet is believed to be in rough balance with present-day rates of accumulation and attrition, but there is little confidence in the sign of any residual imbalance (Paterson 1994) . Compilations of historical accumulation data and calculations of circumpolar moisture transport give reasonable estimates for surface mass balance (Vaughan et al. 1999 , Bromwich et al. 1995 . Satellite observations now permit monitoring of ice elevation, and of ice front advance and retreat (Wingham et al. 1998 , Ferrigno et al. 1998 . Glaciological and satellite measurements also provide important clues to ice shelf behaviour (Jenkins & Doake 1991 , Jenkins et al. 1997 , Rignot 1998 . Harder to assess are the oceanic processes hidden beneath the ice shelves, one of the motivations for applying numerical models to these remote domains.
As air temperatures over most of the continental ice surface remain below freezing throughout the year, the bulk of the ice sheet is returned to the ocean by iceberg calving, and by melting beneath ice shelves. The relative importance of these two attritional processes is not accurately known (Jacobs et al. 1992) . For the RIS, a mean advance rate of 0.9 km a -1 (Keys et al. 1998) , and an ice front width and mean thickness of 775 km and 250 m respectively imply a calving rate of ~175 km to maintain a steady state area. From glaciological and oceanographic models and measurements, the area-average basal melt rate beneath the RIS has been estimated to lie between 12 and 22 cm a -1 , equivalent to 60-110 km 3 a -1 (Shabtaie & Bentley 1987 , Scheduikat & Olbers 1990 , Lingle et al. 1991 , Jacobs et al. 1992 . With 175 km 3 a -1 of calving, and surface accumulation over the ice shelf and surrounding catchment basin totalling around 296 km 3 a -1 (Vaughan et al. 1999) , equilibrium can only be achieved at the higher end of the estimated melt rates. However, few of the budget components are well constrained, and the only direct measurement to date has demonstrated basal freezing (Zotikov et al. 1980) . One objective of the present study has thus been to use a new numerical model to independently calculate the distribution of basal melting and freezing under the RIS, and to investigate other aspects of the sub-ice shelf circulation.
Regional oceanography
The Ross Sea continental shelf is believed to be one of the major ventilating and mixing regions for near-surface waters supplied to the deep Southern Ocean . Cold, fresh, near surface waters are imported from the east and north, along with tongues of warmer and saltier Modified Circumpolar Deep Water (MCDW) at intermediate depths. During winter, sea ice is generated throughout the continental shelf region, releasing brine into the underlying waters. Some of the resulting high-and lowsalinity shelf waters (HSSW and LSSW) drain southward into the deeper regions beneath the RIS. There, cooling and freshening cause a net decrease in density, as parts of the ice shelf base are melted and heat is conducted into the ice , Hellmer & Jacobs 1995 . After these processes have removed the available sensible heat, freezing occurs at the ice shelf base (Zotikov et al. 1980) , and probably also within the water column (Foldvik & Kvinge 1974 , Lewis & Perkin 1986 . Water in contact with the ice at depth can be cooled below the sea surface freezing temperature because the in situ freezing point of ice in seawater decreases with increasing salinity and pressure, the latter by ~0.75°C km -1 (Fujino et al. 1974) . By these processes HSSW can be transformed into Ice Shelf Water (ISW), defined as being colder than the sea surface freezing point, which is sufficiently dense to contribute to bottom water formation near the continental shelf break . From temperature, salinity, and current measurements along the RIS front, Jacobs et al. (1992) ). Based on summer thermohaline data and several year-long velocity measurements, that calculation did not account for seasonal and longer-term property changes, or transports east of 180° (Hellmer & Jacobs 1995) . Circulation of warmer water beneath ice shelves can lead to much higher melt rates and shallower outflows that cannot be identified by the very cold temperatures characteristic of ISW (Potter & Paren 1985 , Jenkins et al. 1997 . Some MCDW does reach the RIS cavity, but it does not give up all its sensible heat for melting (Jacobs et al. , 1992 .
Direct measurements of water properties and currents are scarce beneath ice shelves, although valuable inferences can be drawn from ice cores and access holes (Morgan 1972 , Jacobs et al. 1979 , Zotikov et al. 1980 , Nicholls et al. 1997 . Ocean measurements near ice fronts can help to constrain circulation and mass balance estimates within sub-ice shelf cavities, but tend to be concentrated in the icefree summer months (Jacobs et al. 1979 , Pillsbury & Jacobs 1985 , Potter & Paren 1985 , Gammelsrød et al. 1994 , Wong et al. 1998 , Hellmer et al. 1998 . Chemical tracers have been used to calculate melt water content, seawater residence time beneath ice shelves, and the characteristics of melting ice (Weiss et al. 1979 , Michel et al. 1979 , Potter & Paren 1985 , Schlosser et al. 1990 , Trumbore et al. 1991 , Hellmer et al. 1998 . The dynamic ranges of these tracers can be small, however, and repeated measurements are needed to assess spatial and temporal variability.
Observations such as these have demonstrated the utility of a variety of physical and chemical methods for mass balance estimates, but also that substantial differences still remain between the various estimates. Detailed sampling beneath an ice shelf is difficult and expensive, but this environment is ideal for the application of numerical models, assuming that the cavity shape, hydrodynamics and forcing can be adequately represented. In that case, the ocean density and velocity fields, ISW production and incavity residence times can be determined, along with net ice-ocean interactions. Model results can then be compared with independent measurements of transport and seawater properties, and the models then used to assess potential impacts of climate change.
Related modelling
A review of the status of numerical modelling of sub-ice shelf circulation and exchange with the open ocean (Williams et al. 1998a) highlighted the strong dependence on cavity shape, with greater melting beneath thicker ice and freezing beneath the thinner parts. To date, threedimensional studies that include portions of the adjacent open ocean have largely applied sigma-coordinate models to the Filchner-Ronne and Amery ice shelf cavities (Grosfeld et al. 1997 , Williams et al. 1998b , Beckmann et al. 1999 , Gerdes et al. 1999 ). These models require many grid points to resolve baroclinic structures, and can experience pressure gradient errors near steep topography (Mellor et al. 1994) , along with artificial diapycnal transport and tracer diffusion (Bleck 1998) . A common finding of the sigma-coordinate models has been that exchange between the cavity and the open ocean is rather weak compared with the vigorous circulation that may be set up on either side of the barrier formed by the ice front. This could imply that the ice shelves are less sensitive to changes in ocean temperature and circulation than was implied by earlier one-and two-dimensional models (Williams et al. 1998a) , and that they could potentially represent an important buffer against rapid climate change.
In search of an alternate modelling framework, we investigate the use of a common isopycnic model, which is appropriate for well stratified, deep ocean environments. The deep ocean assumption is well satisfied in the Ross Sea, which has an average depth of ~500 m. Moreover, hydrographical observations show MCDW and ISW extending over hundreds of kilometres across the continental shelf, providing evidence for significant yearround stratification in the Ross Sea. At polar latitudes, deep vertical convection can homogenize the water column. However, it is believed to be limited in both space and time (Jacobs et al. 1979 . Unfortunately, since the existing hydrographical data is taken largely from summer hydrographical cruises, an assessment of the validity and robustness of our assumptions must await the availability of adequate winter cruise data. The isopycnic model utilized here has, nonetheless, been applied to the continental shelf region of the southern Weddell Sea, convincingly depicting circulation in the Filchner-Ronne Ice Shelf cavity (Jenkins & Holland 2002) .
All ocean modelling frameworks have strengths and weaknesses. One auxiliary purpose of the present study is to model the sub-ice shelf cavity using the isopycnic framework so that a diversity of ocean modelling frameworks is applied to this important oceanographic problem. Isopycnic models switch the role of density and depth as dependent and independent variables (Bleck 1998) . This approach approximates the behaviour of the real ocean, where advection and diffusion occur more readily along rather than across isopycnic (i.e. neutral) surfaces (Ledwell et al. 1993 , Polzin et al. 1997 . In addition, the isopycnic framework can handle flows with arbitrarily steep topography, and its grid points respond to frontal processes between adjacent water masses by migrating into regions of strong density contrast, providing resolution where and when it is most needed during a simulation
Model description
As part of a longer-term climate modelling development strategy which has as its main objective the investigation of various aspects of the climate of the polar regions, a new coupled numerical model is being constructed named the POLAIR (Polar Ocean Land Atmosphere and Ice Regional) modelling system. For the ocean component of this system we modified the Miami Isopycnic Coordinate Ocean Model (MICOM, Bleck 1998) so as to incorporate an arbitrary surface topography, i.e. an ice shelf base (Holland & Jenkins 2001) . Here that ocean model is applied in a domain that includes the waters beneath the RIS and those occupying a portion of the adjacent open ocean (Fig. 1) . In the modelling system, the sub-ice shelf region is isolated from the atmosphere, but influenced by the pressure of the floating ice, and by phase changes that occur at the ice shelf base. Heat and freshwater fluxes at the ice-seawater interface are parameterized with a viscous sub-layer model (Holland & Jenkins 1999 ). This parameterization directly accounts for the effect of congelation ice but not that of frazil ice.
The model grid (Fig. 2) is a Mercator projection such that all grid boxes are locally square, i.e. they become smaller in proportion to the cosine of the latitude as one moves southward in the domain. An average grid box side dimension in the middle of the RIS cavity is 18 km. The domain spans 63 grid points in longitude from 160°E to 140°W, and 78 in latitude from 72°S to 85°S. To define the surface of the sub-ice shelf cavity, a dataset derived from the Ross Ice Shelf Geophysical and Glaciological Survey (Bentley & Jezek 1981) was used. That data is supplemented by ice front positions extracted from the Antarctic Digital Database (SCAR 1993) and height measurements taken from the USCGC Polar Sea in 1994 (Keys et al. 1998) . Ice elevations are converted to ice thickness assuming hydrostatic equilibrium and including an empirical correction for trapped air in the upper part of the ice (Coslett et al. 1975) . For the sea floor a gridded version of the RIGGS sea floor data south of 78°S (Greischar et al. 1981) was merged with the near global coverage ETOPO5 data base to the north (NGDC 1988) . As the focus here is on the sub-ice shelf cavity, we limit the maximum open ocean depth to 1500 m. The model RIS topography and that of the underlying sea floor are based on data obtained at lower resolution than the model grid, and some data were smoothed to eliminate apparent spikes. Resulting anomalies in the basal melting and ocean circulation patterns may become apparent during future implementation of higher resolution morphologies. The model domain water column thickness resulting from the various topographical data sets is shown in Fig. 3 .
To initialize the density structure of the model ocean, we use the Hydrographic Atlas of the Southern Ocean (Olbers et al. 1992) , with an extrapolation scheme that fills the subice cavity with waters similar to those at the ice shelf front. Simulations showed that temperature and salinity stabilized within a few years. Since the model vertical coordinate is isopycnic, the assignment of density coordinates to the layers is an important aspect of setting up a simulation. In the real ocean mixed layer, the lightest water mass encountered in this region occurs north of the ice shelf, where summer temperatures can exceed 0.0°C and salinities can drop below 33.5 psu; the heaviest occurs in winter as given as the difference between sea-floor depth and the sea surface or ice shelf draft. The domain can be considered to consist of three sub regions, namely, the abyssal ocean, the continental shelf, and the sub-ice shelf cavity. The dominant water column features are the jumps in thickness occurring between adjacent sub regions, that is, along the ice shelf front (particularly to the east) and along the continental shelf break. HSSW, with properties near -1.9°C and 34.9 psu. In the ocean interior, well below the mixed layer, the thermohaline field can be well represented in density-coordinate space by a constant temperature of -1.9°C and a salinity range of 34.4 to 34.9 psu. Linearly dividing these interior ocean density extremes into ten equal intervals encompasses the density range observed in the cavity (Jacobs et al. 1979) . Sponge zones three grid cells wide are used to restore temperature, salinity, and layer thickness along the northern and eastern sidewalls of the open ocean part of the domain. These zones are designed to provide reasonable ocean boundary conditions and to prevent artificial drift due to the truncated domain. For baroclinic fields, the interior-most sponge cells are restored on a 30 day time scale while the exterior-most cells use a faster 10 day scale. For barotropic fields, the interior-most cells are restored on a five day time scale while the exterior-most cells are restored on a faster one day scale. This scheme ensures that properties at the boundary can be kept close to observed values without generating excessive gradients in the interior of the domain.
The modelling system does not yet incorporate winds or sea ice, but its sub-ice shelf region can reasonably be forced by a seasonally variable thermohaline field over the open ocean part of the domain. Since there are no year-round observations of sea surface salinity and temperature, we create a winter sea surface salinity patterned on the summer observations and peaking at 34.9 psu in the polynyas near Ross Island and along the western coastline near Terra Nova Bay (Fig. 4a) . A seasonal cycle approximating the annual sea ice extent is generated by linearly ramping to and from an 0.5 psu lower summer surface salinity (Fig. 4b) . Surface temperature is restored to the salinity dependent surface freezing point from February through October, and linearly ramped to and from an area-average summer surface temperature maximum of -1°C in December (Fig. 4c) . A restoring time scale of 30 days for surface salinity and temperature north of the cavity, similar to the baroclinic restoring for the open ocean side walls, is a compromise between overly restoring on a daily time scale, and nudging sufficiently to follow the imposed surface hydrography on a seasonal basis.
Model simulations
Time series of modelled mean temperature (Fig. 5a ) and salinity (Fig. 5b ) within the cavity demonstrate that near equilibrium conditions are attained within the first several years of the model run, similar to the decadal time scale found for adjustment of geostrophic velocity and density fields for other polar ocean domains (Holland et al. 1996) . Thermohaline properties change rapidly during the first three years as the initially warm cavity adjusts by excess melting. After the full integration period, the cavity temperature and salinity fluctuate around -2.04°C and 34.67 psu, with an annual cycle reflecting the surface forcing applied north of the ice shelf. A mean temperature of -2.04°C in the cavity during the final year of integration, colder than the surface freezing point of even the saltiest waters formed in the open ocean, is mainly due to net melting at the base of the ice shelf. Similarly, a mean salinity of 34.67 over the final year is less than that of the principal source waters feeding the cavity, also showing the meltwater influence. The transformation of cold, salty (denser) waters into colder but fresher (lighter) waters is consistent with observations at specific locations beneath the large ice shelves (Jacobs et al. 1979 , Nicholls & Makinson 1998 . For example, mean temperature and salinity were -2.01°C and 34.62 on a vertical profile under the RIS in December, 1978 at J9 (82.35ºS, 168.69ºW ).
It may be noted that mean temperatures and salinities in the ice shelf cavity are roughly out of phase over a seasonal cycle, with temperature falling as salinity rises, and vice versa (Fig. 5) . This is an indicator that, in the model at least, inflow of HSSW does dominate the average properties of the entire cavity. Exchange with the open ocean is stronger during the summer months (Fig. 6) when the average temperature of the cavity rises and the average salinity falls. This signature reflects the mixture of LSSW, MCDW and some surface water that enters the cavity along with HSSW during this period. Although the less dense water masses do not penetrate far into the cavity, a large proportion of the cavity volume lies close to the ice front where seasonal variations are strong. (Note the exaggerated area to the south in the Mercator diagram of Fig. 3 , compared with the more accurate areal representation of Fig. 1.) 
Ice shelf front
Vertical transects following the front of the ice shelf (Fig. 7) allow a rough evaluation of properties and transports near a section where oceanographic measurements have been made. The comparison will not be exact as the ocean stations were occupied from ships positioned within a few kilometres north of the ice while the model transect runs through the northernmost line of grid cells within the cavity. In addition, north-south gradients can be strong in this region. Nonetheless, there are several qualitative similarities along with differences that suggest improvements needed in the model ocean circulation.
The dominant pattern in Fig. 7a is one of vertical homogeneity and a series of alternating bands of northward and southward flow, with maximum velocities < 10 cm s 1985, Locarnini 1994) . On the left in the figure, flow into McMurdo Sound on the eastern side, and out from beneath the ice shelf on the western side is consistent with observations (Lewis & Perkin 1985) . Similarly, persistent northward flow has been measured and modelled in ISW near the dateline, here the largest region of outflow, near 'Grid Face Index' 25-30. While there are a greater number of alternating northward and southward flow bands than suggested by prior analyses (Locarnini 1994 , Rock et al. 1994 , the overall temperature and salinity fields (Fig. 7b  & c) approximate summer observations reported by Jacobs & Giulivi (1998) . HSSW occupies the western sector, with a shallow dome near Ross Island, where the higher salinities correspond to inflows and lower salinities to outflows. However, the persistent outflow observed east of Roosevelt Island is here replaced by inflow of MCDW, a water mass that is commonly observed to enter the cavity above a submarine rise west of the Island (Hellmer & Jacobs 1995) .
The volume outflow across the ice front climbs from a minimum below 4 Sv in June to maxima above 12 Sv in December and January, with an annual mean of 8.1 (Fig. 6) . The annual mean ISW volume outflow is 1.6 Sv, although there is much variability, including short periods when recirculation of ISW back into the cavity dominates to give a net inflow. ISW transport follows a different pattern than the total volume transport, particularly during spring, and its strong seasonal variability may have implications for interpreting the predominantly summer observations. For example, an estimated transport of 1.4 Sv for the primary ISW outflow region (Jacobs et al. 1992 ) was based in part on a temperature field measured during a period when the model shows the highest outflow. It should be noted that ISW is defined here to include all seawater with a temperature below -1.9°C, and that meltwater makes up only a small fraction of the modelled ISW outflow.
Layer properties
Insight into cavity dynamics can be gained by looking at properties of the top (mixed) layer and a near-bottom layer. The mixed layer flow field beneath the ice shelf (Fig. 8a & b) is mainly toward the north and west and is more sluggish than over the open ocean where surface restoring occurs. The near-bottom layer beneath the ice shelf ( Fig. 8c & d) has a net south-east flow. Water of this density class only contains mass in the southern and western parts of the cavity.
As an aid to tracking water mass pathways and transformations, two artificial tracers were implemented. An ideal age tracer allows a water mass to age relative to the start time of the model simulation, with any water in contact with the open ocean surface having its age reset to zero. Most of the near-bottom isopycnic layer (Fig. 8c) shows an age of 0-6 years within the cavity. A pool of water to the north of Crary Ice Rise contains 11 year old water in a local depression (Fig. 3) that is relatively isolated from its surroundings. Relatively young HSSW enters the cavity at depth from the western continental shelf, travelling south and east along the grounding line. The transformation into mixed layer waters in the far south and east is slow, as is the subsequent north-west flow back toward the cavity opening. In the north-west HSSW takes a much shorter circuit into the cavity in the west and back out near the dateline. Real ocean CFC concentrations in water which has circulated beneath and has been modified by the RIS indicate that the transformation time from HSSW to ISW can be as short as 3.5 years (Trumbore et al. 1991) .
A glacial meltwater fraction tracer indicates the proportion of water that has been added from the ice shelf base (Fig. 8a) . Its concentration increases during melting, but is unaffected by freezing, the assumption being that the melt, once formed, will be evenly distributed throughout the mixed layer. This behaviour more closely resembles that of tracers such as oxygen-18 and helium, where the impact of freezing is small, than that of salinity, where the effects of melting and freezing are almost equal and opposite. In the mixed layer, the meltwater fraction reaches a maximum in the south-eastern corner of the cavity, where upwelling of HSSW fuels melting of the thickest ice, but the sluggish flow removes the melt rather slowly. In contrast, water that is flushed in and out of the cavity by the more vigorous circulation in the northwest acquires a relatively small concentration of melt.
The circulation in these two layers highlights the weak thermohaline circulation within the interior of the cavity and the much more active flushing of the near ice front regions, particularly those in the west.
Ice shelf base
The heat and freshwater fluxes at the base of the ice shelf are parameterized according to the viscous sub-layer model. A time series during the final year of the integration (Fig. 9) shows the variability of melting and freezing, with respective means of +9.2 and -1.0 cm a -1 . The seasonality displays a peak in the net melt rate of ~14 cm a -1 at the end of winter, and the annual average is a net melt rate of +8.2 cm a -1
. Freezing is an order of magnitude less than melting, and appears to rise as melting declines. The timing of the peak in melting indicates that the winter inflow of HSSW is responsible and confirms that the greater exchange across the ice front during the summer months (Fig. 6) does not carry waters far into the cavity.
The spatial pattern of melting delineates the major melting and freezing zones (Fig. 10) . The most intense melting occurs near the ice front, particularly in the west, where the greatest seasonality is also seen, associated with the movement of open ocean waters near the front. Interior zones of persistent melt occur where the ice draft is deep, particularly along the grounding line. The main freezing zone, and hence the likely accumulation region of marine ice (i.e. ice that forms in situ at the base of the ice shelf), is in the central region, aligned with the primary ISW outflow pathway. Most of the basal area is relatively quiescent, i.e. with rates < ± 2.0 cm a -1 , indicating that an 'ice-pump' (Lewis & Perkin 1986 ) appears not to be vigorous everywhere along the ice shelf base. The highest freezing rates in the interior occur near Crary Ice Rise, in a zone that includes the location of the J9 borehole.
Conclusions
Numerical modelling of the cavity beneath the RIS is a feasible means to fill gaps in our knowledge of this oceanographically extreme and geographically isolated area. At its present state of development, the modified MICOM reproduces many of the observed and expected features of the sub-ice shelf circulation. In particular, some prominent features of the observed ice front hydrography, such as the locations and properties of the main HSSW inflows and ISW outflows, are well reproduced. MCDW also reaches the model ice front, in accord with observation, but its location in the model is too far to the east. The ultimate destination of the dense shelf waters formed in the model appears to be a reasonable representation of reality. In the west, some HSSW moves northward directly off the shelf, while the portion that flows southward beneath the ice shelf emerges as ISW and leaves the shelf near the dateline (Fig. 8c) .
The model melts the base of the ice shelf at an average rate lower than that of other calculations (Jacobs et al. 1992 , Assman et al. 2003 , Smethie personal communication 2002 . The spatial distribution, with melting around the perimeter, peaking at an annual mean of 123 cm a -1 near the ice front and broad interior regions of gentle freezing, is in general agreement with what has been inferred from observations. The low value for the net basal melting may be an indication that the modelled thermohaline sub-ice circulation only accounts for a portion of the mass loss, and that other forcings may play a key role in enhancing the 20 DAVID M. HOLLAND et al. ) in the south-eastern portion of the cavity. c. The flow in an interior isopycnic layer (σ θ =28.07 kg.m melt rate. We note that most estimates appear lower than needed to keep the ice shelf from thickening, i.e. to remain consistent with satellite data over the past decade.
The most striking feature of the model circulation is the contrast between the active ventilation of the near ice front region and the sluggish circulation over much of the interior. This is the result of the broad region of limited water column thickness in the south and east of the cavity, which forms an effective dead end for waters entering the region from the north and west. Density forcing generated by seasonal changes in the water column north of the ice front forces an active circulation only near the ice front, particularly in the west where the densest HSSW is formed and the cavity is most open. This feature of the circulation differentiates the sub-RIS cavity from the one beneath the Filchner-Ronne Ice Shelf, where a deep channel in the interior allows HSSW formed in the far west to circulate throughout the cavity and emerge in the east (Jenkins & Holland 2002) . With a much more efficient transport of heat to the base of the thickest parts of that ice shelf, a more active 'ice-pump' results there, with higher melting and freezing rates. This is the first three-dimensional simulation of the physical environment beneath the RIS using an isopycnic coordinate ocean model coupled with a viscous sub-layer parameterization of thermodynamic exchange at the ice shelf base. Our results, however, must be viewed as preliminary until other forcings are added and their impacts evaluated. Realistic atmospheric forcing and a sea ice model for the open ocean portion of the domain, and a tidal model for the entire region remain to be developed. Both tidal forcing (MacAyeal 1985) and the strong wind fields may impact on the vertical mixing and circulation strength, as could more detailed information on the cavity dimensions. The long-term success of this modelling activity will also hinge on the acquisition of in situ time series data to validate the model parameterizations of actual physical processes. Such a physically based and observationally validated model will eventually allow realistic exploration of the low frequency temporal variability of processes controlling the evolution of this system in response to climate change scenarios. ) of 'melt-only' (red), 'freeze-only' (blue), and 'net melt' (green) for the final year of the model run. 
